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(54) Method of identifying an extreme interaction pitch region, methods of designing mask 

patterns and manufacturing masks, device manufacturing methods and computer programs 



(57) Optical proximity effects (OPEs) are a well- 
known phenomenon in photolithography. OPEs result 
from the structural interaction between the main feature 
and neighboring features. It has been determined by the 
present Inventors that such structural interactions not 
only affect the critical dimension of the main feature at 
the image plane, but also the process latitude of the 
main feature. Moreover, it has been determined that the 
variation of the critical dimension as well as the process 
latitude of the main feature is a direct consequence of 
light field interference between the main feature and the 
neighboring features. Depending on the phase of the 
field produced by the neighboring features, the main 
feature critical dimension and process latitude can be 
improved by constructive light field interference, or de- 
graded by destructive light field interference. The phase 
of the field produced by the neighboring features is de- 
pendent on the pitch as well as the illumination angle. 
For a given illumination, the forbidden pitch region Is the 
location where the field produced by the neighboring 
features interferes with the field of the main feature de- 
structively. The present invention provides a method for 
determining and eliminating the forbidden pitch region 
for any feature size and illumination condition. Moreo- 
ver, it provides a method for performing illumination de- 
sign in order to suppress the forbidden pitch phenome- 
na, and for optimal placement of scattering bar assist 
features. 
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[0001] The present invention relates to photolithography and more particularly to optical proximity correction methods 
used during the development of -photolithography masks for use in lithographic apparatus comprising: 

- a radiation system for supplying a projection beam of radiation; 

- a support structure for supporting patterning means, the patterning means serving to pattern the projection beam 
according to a desired pattern; 
a substrate table for holding a substrate; and 

- a projection system for projecting the patterned beam onto a target portion of the substrate. 

[0002] The term "patterning means" as here employed should be broadly interpreted as referring to means that can 
be used to endow an incoming radiation beam with a patterned cross -section, corresponding to a pattern that is to be 
created in a target portion of the substrate; the term "light valve" can also be used in this context. Generally the said 
pattern will correspond to a particular functional layer in a device being created in the target portion, such as an inte- 
grated circuit or other device (see below). Examples of such patterning means include: 

- A mask. The concept of a mask is well known in lithography, and it includes mask types such as binary, alternating 
phase-shift, and attenuated phase-shift, as well as various hybrid mask types. Placement of such a mask in the 
radiation beam causes selective transmission (in the case of a transmissive mask) or reflection (in the case of a 
reflective mask) of the radiation impinging on the mask, according to the pattern on the mask. In the case of a 
mask, the support structure will generally be a mask table, which ensures that the mask can be held at a desired 
position In the incoming radiation beam, and that it can be moved relative to the beam if so desired. 

- A programmable mirror array. One example of such a device is a matrix-addressable surface having a viscoelastic 
control layer and a reflective surface. The basic principle behind such an apparatus is that (for example) addressed 
areas of the reflective surface reflect incident light as diffracted light, whereas unaddressed areas reflect incident 
light as undiffracted light. Using an appropriate filter, the said undiffracted light can be filtered out of the reflected 
beam, leaving only the diffracted light behind; in this manner, the beam becomes patterned according to the ad- 
dressing pattern of the matrix-addressable surface. An alternative embodiment of a programmable mirror array 
employs a matrix arrangement of tiny mirrors, each of which can be individually tilted about an axis by applying a 
suitable localized electric field, or by employing piezoelectric actuation means. Once again, the mirrors are matrix- 
addressable, such that addressed mirrors will reflect an incoming radiation beam in a different direction to unad- 
dressed mirrors; in this manner, the reflected beam is patterned according to the addressing pattern of the matrix- 
addressable mirrors. The required matrix addressing can be performed using suitable electronic means. In both 
of the situations described hereabove, the patterning means can comprise one or more programmable mirror 
arrays. More information on mirror arrays as here referred to can be gleaned, for example, from United States 
Patents US 5,296,891 and US 5,523,193, and PCT patent applications WO 98/38597 and WO 98/33096, which 
are incorporated herein by reference. In the case of a programmable mirror array, the said support structure may 
be embodied as a frame or table, for example, which may be fixed or movable as required. 

- A programmable LCD array. An example of such a construction is given in United States Patent US 5,229,872, 
which is incorporated herein by reference. As above, the support structure in this case may be embodied as a 
frame or table, for example, which may be fixed or movable as required. 

[0003] For purposes of simplicity, the rest of this text may, at certain locations, specifically direct itself to examples 
involving a mask and mask table; however, the general principles discussed in such instances should be seen in the 
broader context of the patterning means as hereabove set forth. 

[0004] Lithographic projection apparatus can be used, for example, in the manufacture of integrated circuits (ICs). 
In such a case, the patterning means may generate a circuit pattern corresponding to an individual layer of the IC, and 
this pattern can be Imaged onto a target portion (e.g. comprising one or more dies) on a substrate (silicon wafer) that 
has been coated with a layer of radiation-sensitive material (resist). In general, a single wafer will contain a whole 
network of adjacent target portions that are successively irradiated via the projection system, one at a time. In current 
apparatus, employing patterning by a mask on a mask table, a distinction can be made between two different types of 
machine. In one type of lithographic projection apparatus, each target portion is irradiated by exposing the entire mask 
pattern onto the target portion in one go; such an apparatus is commonly referred to as a wafer stepper. In an alternative 
apparatus — commonly referred to as a step-and-scan apparatus — each target portion is irradiated by progressively 
scanning the mask pattern under the projection beam in a given reference direction (the "scanning" direction) while 
synchronously scanning the substrate table parallel or anti-parallel to this direction; since, in general, the projection 
system will have a magnification factor M (generally < 1), the speed V at which the substrate table is scanned will be 
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a factor M times that at which the mask table is scanned. Mere information with regard ^ mhographic devices as here 

step, the substrate may undergo various procedures, such as priming res<s c °^ng and a * ^ bake 

the substrate may be subjected to other procedu -s. such as a pos ^^^^^^ m indMdual 

Hill Publishing Co., 1997, ISBN 0-07-067250-4, incorporated here n by , ^er, this 
Leif-the-art processes to ^a^ 

which are below the exposure wavelength X ). A crrtica J ^nsion or , , han ^ |t has 

method.. On. .d* l.ohnlqd. Involves «d|o«i In. ,lldm ,lna»n _°' s „,-NAo-) to Ih. nvn>«lcl .ponuro 
OPE can be manipulated to some extent. described above, OPE can also be compensated 

,h. depth ol food. (OOF) for Ih. l«.IM.d Hl» » a*> >»<-« ^*S2 |T JSy non.,o.cjvabl. 
sc«.* 9 b.n, (*. known » Inlon.lty tooling -«•>"» ""f^^Sr.Sh.Mg. W«^t- 

^3,^0^ Process iatltude associated with dense structures .s better than that asso- 
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elated with Isolated structures under conventional illumination for large feature sizes. However, recently more aggres- 
sive Illumination schemes such as annular Illumination and multipole illumination have been Implemented as a means 
of improving resolution and known OPC techniques have not always had the desired effects with such illumination 
schemes. 

[0014] An object of the invention Is to provide a method for optimizing mask patterns for use with various different 
Illumination schemes. 

[0015] Accordingly, the present invention provides a method and technique for identifying and eliminating forbidden 
pitch regions, which degrade the overall printing performance, so as to allow for an improvement of the CDs and 
process latitude obtainable utilizing currently known photolithography tools and techniques. The "forbidden pitch" re- 
affected 6 re9 '° nS ' n Whi ° h b ° th ° ritiCal dimension of the ,eature and the P rocess latitude ° f the feature are negatively 
[0016] When utilizing such illumination schemes, the inventors, of the present invention have noted that some optical 
phenomenon have become more prominent. In particular, the inventors have noticed a forbidden pitch phenomena 
More specifically, there are pitch ranges within which the process latitude of a "densely located" main feature, especially 
he exposure latitude, is worse than that of an isolated feature of the same size. This important observation indicates 
hat the existence of the neighboring feature is not always beneficial for main feature printing, which is in contradiction 
o what is commonly conceived, prior to the discovery by the present inventors. Indeed, the present inventors believe 
hat the forbidden pitch phenomenon has become a limiting factor in advanced photolithography. As such, suppressing 
the forbidden pitch phenomenon will be necessary to further improve the CDs and process latitude obtainable utilizlnq 
currently known semiconductor device manufacturing tools and techniques. 

[001 7] More specifically, the present invention relates to a method of Identifying undesirable pitches between features 
when designing an Integrated circuit (or other device) to be formed on a substrate by use of a lithographic exposure 
tool. In an exemplary embodiment, the method comprises the steps of (a) identifying extreme interaction pitch regions 
by determining illumination intensity levels for a given illumination angle over a range of pitches; and (b) Identifying the 
undesirable pftches for each extreme interaction pitch region identified in step (a) by determining illumination Intensities 
for a given extreme Interaction pitch region over a range of illumination angles. 

[0018] In accordance with the present invention, it Is shown that the variation of the critical dimension as well as the 
process latitude of a main feature is a direct consequence of light field interference between the main feature and the 
ne ghboring features. Depending on the phase of the field produced by the neighboring features, the main feature 
critical dimension and process latitude can be improved by constructive light field Interference, or degraded by de- 
structive light field interference. The phase of the field produced by the neighboring features can be shown to be 
dependent on the pftch as well as the illumination angle. For a given illumination angle, the forbidden pitch lies in the 
location where the field produced by the neighboring features interferes with the field of the main feature destructively 
The present invention provides a method for identifying the forbidden pitch regions (i.e., locations) for any feature size 
and any illumination condition. More importantly, the present invention provides a method for performing illumination 
design in order to suppress the forbidden pitch phenomena, thereby suppressing the negative effects associated there- 
with. In addition, the present invention provides for a method for utilizing scattering bar placement in conjunction with 
the suppression of the forbidden pitch phenomena to further minimize optical proximity effects and optimize overall 
printing performance. 

[0019] As described in further detail below, the present invention provides significant advantages over the prior art 
Most importantly, the present invention provides for identifying and eliminating forbidden pitch regions, which degrade 
the overall pnnting performance, thereby allowing for an improvement of the CDs and process latitude obtainable 
utilizing currently known photolithography tools and techniques. 

[0020] It will be appreciated that in the present invention, the "mask pattern" may be embodied in a mask but may 
also be applied using another type of patterning means, examples of which are mentioned above. The term "mask 
pattern" is used herein for convenience but should not be construed as requiring the presence of a mask, unless the 
context otherwise requires. 

[0021] Although specific reference may be made In this text to the use of the apparatus according to the Invention 
n the manufacture of ICs, it should be explicitly understood that such an apparatus has many other possible applica- 
tions. For example, it may be employed in the manufacture of integrated optical systems, guidance and detection 
patterns for magnetic domain memories, liquid-crystal display panels, thih-film magnetic heads, etc. The skilled artisan 
will appreciate that, in the context of such alternative applications, any use of the terms "reticle", "wafer" or "die" In this 
text should be considered as being replaced by the more general terms "mask", "substrate" and "target portion" re- 
spectively. r ' 

[0022] In the present document, the terms "radiation" and "beam" are used to encompass all types of electromagnetic 
radiation, including ultraviolet radiation (e.g. with a wavelength of 365, 248, 193, 157 or 126 nm) and EUV (extreme 
ultra-violet radiation, e.g. having a wavelength in the range 5-20 nm), as well as particle beams, such as Ion beams 
or electron beams. 
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W. IoL*g deMed d»orlp«o» dnd the ,«omp„,ytof, drawing.. » «!**. 
pitches under a specific illumination angle. 

edge-to-edge piacement posKons of the scattering bars around an 

BET 'SS.Tid ^.nation maps for scattering bars h*£g^ ^«£«Z^T%L inter- 
SoT] As 9 exp.ained in more detail below, the ^^ff^^SiZ n^oriS feature relate to that of 
actions between neighboring features. More •P^SSitSLStol d stance between the features. For a given 
the main feature depends on the ^^^^^JJ^SS^lh. neighboring feature is substan- 
iliumination angle, there are pitch , ranges within which ^ phase P od Y ^ interference . 

tially 1 80- out of phase relative to the tie d *• ?™ ^main feature and as a result, causes a loss of exposure 

and that are identified and eiiminated by the . ^C^nd^explained in detail below, the forbidden pitch 
[0042] in accordance with the methods of the Pr^^^JS cufc identified utilizing an illumination map. 
regions (i.e.. the extreme structural '" te '^^^^ i.lumination map is obtained, whteh 

In one embodiment, for each extreme structural PJ«J» r L ons As such, by utilizing the illumination 

shows its favorable illumination regions and * "^^^"^SS^ when the neighboring feature size is 
maps the undesirable forbidden p.tch reg.ons «f^^^JJ2!«^Srt«»noe regions can be located and their 
changed to the scattering bar size. ^Jla Ration maps, the present invention also 

corresponding illumination maps ™J^*1Tte*^™*9»*» <»"<« on condition - 
allows for optimal scattenng bar placement to be de * e ™" e ° T ° 3 , of the ^eory relevant to the method of 
[0043] Prior to discussing the details of the present ' 'T^'™^^ JJ process can be viewed as a double 
he present Invention is presented. In accordarwewlth Founer opto. Jj£W£m device that converts the geo- 
diffractlon process under coherent "-JJ^^SS ESS nLnation of the object in the frequency 
metrical information of the objed MJ* . *• components and their amplitudes) is displayed 

domain . The spatial frequency Information of the ^object { .e J » geometrical figures on the object are much 
attheexltpupllofmeop^ 

largerthantheillumlnat.on wavelengm,andthetopoiogyoi^ j applicable, 
then the object can be viewed as purely ^^^^%ZtrTr^Jon projection optica, imaging system 
[0044] The foregoing assumptions are ^^SS^^e* pupil Is related to the transmission function of 
with a binary chrome reticle. In such cases, ^•^^™S^ pr otaoto„ systems are utilized In practical 
the object through the Fourier transforms .on. ^^^"J^"£J^ to ^ th . m ^.The1X^ 
photolithography systems, the following pupil to exit pupil that is required .or a 

imaging system avoids the complexrty of conversion, the field magnitude conversion 
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a 4X or 5X reduction optical Imaging system, or any other applicable system 

SfSSL F '?k 1 1 illUS ! ra,es an exem Plary 'waging system 1 0 helpful for describing the operation of the present invention 
nlJ^'i T? 9 , SyStem 10 com P rises a monochromatic light source 12, a condenser 14, a retble 16, and a 
projection lens 18. As also shown, the imaging process generates an exit pupil 20 and an image plane 22 In the given 

E£ « , ? SC ; heme ' S K6h ' er " ,Uminati0n 80 that Un,,orm ,s achlevad - FunheSo e.7an ad 

ustable aperture stop is placed at the back focal plane of the projection lens 18, then the back focal plane becomes 

the exit pupi from the on-ax.s .mage point, each geometrical point at the exit pupil 20 corresponds to a pair of angular 
^SSH! ? V hiCh be transformed in, ° a corresponding point in the two-dimensional frequency plane through 
the following transformation, described by equation (1) and shown in Figs. 1b and 1c. 



k K =sinecos((i, k =slnesin<|> 



(1) 



i°Jn! HiJ^in 0 "?' d Tf an u bjeCt With 8 transmissi0 " ,uncti0 " s hown in Fig. 2, such an object can be treated as 
a one-dimensional object, with its transmission function expressed as, 

ftX) -1-0+ a)<re<4°) + rec ^ ' ^ % 2 + c / 2 > , + rec ^ + (*> + aJ2+ ^ 

where 



rect{^) = 



1; \x 0 \<a/2 
0; \x 0 \>a/2 

- (3) 



seLmtiS 1?1 T (th6 ° en,er ' eatUre) ' C iS the Width of the side feature(s) and b is the edge-to-edge 

ZITh L » e ,T en thS m8in ,eafUre and the side feature ' The "'Pirated In Fig. 2 represents a gen- 

aToTzlT™Z™T ' S 9 T SrV m3Sk ' a = Sqrt (0 ° 6) ■ 024 ,or 8 6% attenuated phaseshif, mask "and 
a-i .o tor a chrome-less phase shift mask. 

[0047) Under on-axls coherent illumination (sin6=0) with quasi-monochromatic light source, the field at the exit pupil is 



— (4) 

« Sr^urcff, ir^Mhirr^T P>*™*™9 the k, axis. R is noted that by • quasi-monochromatic 
anv D «ir nf .'ilf T coherence length of the light is much longer than the optical path difference between 

esoec 8 ! i« »hf J V nder , ~ n8,dera,,on - This approximation holds well for light sources used in photolithography, 
especially the KrF excimer light source with its bandwidth less than 1 .0 picometer. 

n ?2 aJVJZ?* in T ate tH ? reSU ' tS °' b ° th ° n " aX ' S illumlna,ion and illumination along the x-axis. As shown 

*> „ J2 ":?"?u ' ? ° n ; a lllu mln a «on, the spectrum of the object is centered. However, under off-axis Muml- 

S^^^'^Z^ F,9S - 30 and 3d> ,he 8pec,rum of the object te 8hmed relatlve *» tha - a " d 
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F{k x ) * ~ 7 C/U) e- 2 *'""'* * 



A" 

--(5) 



*■ „„„i«> The nhn<?P term e 2 « I,0(0,<0/X has a simple geometrical interpretation, 
to [0049] By inserting equation (2) into equation (5), the results 
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sin[* {(*, - ^ V K„yx c sinfr j[(V* xo )1 

e2rtt ,c,-^ c sin[ * Ij^l^j ) 

where p=b+a/2+c/2 is defined as the pitch of the pattern. 

ToOBO] The electric field at the image plane, according to Founeropt.es. is 

X "(7) 



(6) 



(8) 



expressed as, 

35 Bf m a . NA /X,b r =b. NAIX ,C r =c- NAJX , p r - p • NA/X 

x; = x ( • AM/X , * x = kJNA, k' m = fc^/AM = s 
40 [0052] Using these rescaled quantities, the electric fie.d at the image plane becomes: 
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*G0 « ^'-(u«)f;{ flf ^5'f wt: 

- (1 + a) e- 1 "" f> *^* c 'W- s yij>«**>M\ d y 



- (9*) 

where s is related to the illumination angle. From equation (9'), it is clear that the fields produced by the side features 

EE£ P has * termel2 ' l/ ' w - ■ is ,h| s Phase term that plays the central role in the determination and elimination of the 
torbidden pitch regions. 

[0053] It is noted that equation (9) or (9 1 ) applies for one-dimensional illumination. However, as shown below the 
Uvo-d.mensional illumination used in photolithography can be approximated as a one-dimensional illumination for long 
lines or trench structures. * 

S ^^k-"^.! 150 ™' " haS b6en de,ermined that unde r ^rtain illumination conditions there are some pitch 
reg ons within which the exposure latitudes of the main feature become very small, even smaller than that of the Isolated 

h? ™1 1 t P r !^" S ,! r e / e,erred 10 38 f0rb,dden pi,ch region8 ' and a ^used ^ destructive Interaction between 
the main feature and the side features under those illumination conditions. Whether the existence of the side features 
will improve the process latitude of the main feature or degrade the process latitude of the main feature depends on 

h^!~"T V T « d ,! f f tUreS at the mai " ' eatUre GaUSSlan ima 9 e P° int lf the fields ° f th e ^de features 
fh r 88 ° f the mal " fea,Ure at the main feature lma 9 e locatlon - the " constructive Interference 

between these fields can Improve the process latitude of the main feature. If the fields of the side features have 180" 

fnZl iT? wi,h ""P** 10 the field of the mal " Mature at the main feature image location, then destructive 
interference between the f.elds causes degrading of the process latitude for the main feature. The forbidden pitch 
regions lie in the locations where destructive interference occurs under a given illumination condition. When such 
situations arise, the process latitude of the main feature Is worse than that of the isolated feature. Since the field signs 
cTn^ 9 ° n Ph , aS ? S) and theirma 9 nitudes fr °™ the side features are determined by the pitch, the illumination angle 
s) and the numerical aperture (NA), constructive and destructive interaction pitch regions can be located using equation 
(9). Figs. 4a and 4b show examples of the interaction between side features and the main feature at two different 
pitches under a specific illumination angle. In the given examples, the feature size is 130nm, NA=0 65 and s=0 4 for 
a binary mask (a=0). As illustrated in Fig. 4a, at a pitch of approximately 470nm, the minimum intensity of the main 
feature (dashed line) at its Gaussian image point is higherthan that of an isolated feature (solid line), leading to a lower 

!nt!n!r n ot St T a " er e , XP ° SUre ' atitUde ' As Shown in Fi9 ' 4b ' at a ? itch of approximately 680nm. the minimum 
ntensity of the main feature (dashed line) at its Gaussian image point is lower than that of an isolated feature (solid 
line), leading to a higher image contrast and larger exposure latitude. 

f7!? n?, n ° ted f 0 ^' ,he fore 9° in 9 ana| y sis of 'orbidden pitch regions is based on one-dimensional illumination, 
i.e. (1^=0). In actuality, the illumination schemes implemented in photolithography are two-dimensional. However for 
n ZnT K, 3 " ap P roximated as one-dimensional, such as very long lines or trenches, the two-dimensional 
nomination problem can be reduced to a one-dimensional problem. The foregoing is illustrated utilizing Fig. 5. Referring 
1°- * assum ' ng * ne stru ^res are infinitely long in the y direction, the Fourier transform spectrum of the structure 
^ -1*1 P t P 1 Zer ° Width the d ' reCti0n - Underth is scenario, a two-dimensional illumination (NA, k,, kj 

Lm.n»tf ft „ 10 a t one - dimen ^ onal '"uniination (NA eftectlve , s e(fecUve ). The relationship between the two-dimensional 
Illumination and its corresponding one-dimensional illumination Is readily derived, 
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(10) 



^ . a 0<NA 

S effective j ' "T 9 r 

4na 2 -P 



where NA in equation (10) >s the numerical aperture setting 

[0056] Further detailed analysis on the forbidden pitch P henome "^^ 

forbidden pitch regions has to take into account the | pe *«n««£^ ^£££ton source point («. p) in the 
(I..., features in the y and x direction) Jo achieve *^'^^SlS3ou^ poW <-P «) in the (^0, 
(k x >0, k^O) illumination space must have a corresponding conjugated J™^ 1 ^ S ertjca| .. P and ..horizontal" features 
£ 0 ) illumination space, as shown in Fig. 6. Such P'* 0 ™^^ 

^required for single exposure schemes . wh.ch Is Nevertheless, the 

dipole illumination a double exposure ^hemefonjugated mumlnrtion a ™^%Z«Z?«to some modifications 
theory and methodology outlined below can also be applied point in thefirst quadrant 

pS^NA^L^c^ must have a conjugated illumination point (>A - NA enecUve Sl Hectlve . JNA N e *cW 

JNA 2 - NA eHeet iveSeftective)- e - h omo the forbidden Ditch regions can be identified and eliminated. 

[0057] Utilizing this conjugated Illumination scheme, foe foitold Iden pwnr 9 The firet 

Fig. 7 illustrates a flow chart detailing the process « rf fc ^ , ^^" 9 * e *^ n n J t ^ fl 7. this is accomplished, 
of the process entails determining the interaction P«^<^ with oneSimen- 

by utilizing equation 9 or 9', which as explained above "P^^^f^JS equation 9 or 9" is utilized to 
sLal illumination. More specifically, for a given Mri on po «£.,«. P ^ are fixed) equ ^ ^ ^ ^ 

calculate the nomination intensity at a g,ven pitch, I a. & "J^ 8 **^"^^ P°'"« * * e same P teh ' ^ 

(Steps 78, 80). whi^h ripnicts the areas having extreme interaction 

0058] Fig. 8 illustrates a plot of the results of the process o f F,g £ which dep J hay| . 8ub . 

lowing equation: 

(11) 



dflog-slope of l totat )/d(pitch)~0. 



,n particular, the locations substantially proximate the "-J""^ 

interaction locations. In other words, while the foregoing ^^J^^^^Sm range is dependent 
specifies a specific location, the actual forbidden pitch * » "^^^^5,^ W as determined that the 
on the wavelength and the NA of the exposure apparatus. F ^^^J^1^ For example. If expo- 
foroidden pitch range around a given specific ; .oca«on ^^^^ is approximately 

ExtJeme interaction pKch locations can shift slightly ^^SSTTJS^ uttiizing a set feature size 
[0059] Returning to Fig. 8. it is noted thai t the example set forth .n Rg 8 was conducted ^ ^ 
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nm and 630 nm. It Is further noted that Fig. 8 does not indicate whether the extreme Interaction pitch regions are 
constructive or destructive, but just whether or not such regions exist. Also, typically the extreme interaction pitch 
regions do not vary appreciably with the illumination angle. The regions tend not to be very sensitive to illumination 
angle. 

[0060] Once the extreme interaction pitch regions are identified, the next portion of the process entails generating 
illumination maps for the pitches of Interest/concern (i.e., the extreme interaction pitch regions). To summarize, for 
each extreme interaction pitch region, the log-slope of the main feature image at the mask edge is calculated as a 
function of illumination angle. Fig. 9 illustrates a flow chart detailing the process of generating the illumination map for 
a given extreme interaction pitch. 

[0061] Referring to Fig. 9, again utilizing equation 9 or 9', the illumination intensity for a first iilumination angle (a, P) 
and the fixed pitch is calculated (Step 90), and the illumination Intensity of the corresponding 90 degree rotational 
symmetric point at the same pitch is calculated (Step 92). The two illumination intensities are then added together 
(Step 94) to obtain l tota) (a, 0, pitch), and then the log-slope of l total is calculated (Step 96). This process is then repeated 
for a plurality of illumination angles so as to allow the illumination map to cover at least one quadrant (i.e., 0£k x sn, 
0<ky<1), (Steps 98, 100). Figs. 10a-10c show the Illumination maps corresponding to the extreme interaction pitch 
regions of 480 nm, 560 nm, 635 nm illustrated in Fig. 8, respectively. Fig. 10d illustrates the illumination map corre- 
sponding to the minimum pitch of 31 0 nm. 

[0062] Referring again to Figs. 10a-10d, the illumination angles corresponding to higher values of the log-slope of 
l total are the illumination angles that provide optimal performance for the given pitch. In other words, the higher the 
value of the log-slope of l^, the better the performance. For example, referring to Fig. 10a, the optimal illumination 
angle for this pitch (I.e., 480 nm) is approximately zero. Any illumination angle corresponding to values of k x >0.2 and 
ky>0.2 result In low values of the log-slope of l tota „ and are therefore undesirable. As shown in Fig. 10a, the highest 
values of the log-slope occur when both k x and ky ate approximately zero. Referring to Fig. 1 0b, the optimal illumination 
angles for the 560 nm pitch are angles corresponding approximately to either k x = 0.5 and ky = 0, or k x = 0 and ky = 
0.5. Referring to Fig. 1 0c, the optimal illumination angles for the 635 nm pitch are angles corresponding approximately 
to k x = 0.3 and ky = 0.3. Finally, referring to Fig. 10d, the optimal illumination angles for the 310 nm pitch are angles 
corresponding to either k x = 0.5 and ky = 0.5. 

[0063] Accordingly, from the illumination maps, it Is clear that whether an extreme interaction pitch becomes a for- 
bidden pitch region or a friendly pitch region depends on the illumination employed. Further examination of the illumi- 
nation maps reveals that the illumination map at pitch 480 nm is complementary to the illumination maps at 635 nm 
and 310 nm. More specifically, at pitch 480 nm, the desirable illumination angles correspond to and ky equal to 
approximately zero, and the undesirable areas correspond to k x and ky equal to approximately 0.5. Conversely, at 
pitches of 635 nm and 310 nm, the desirable illumination angles correspond to k x and ky equal to approximately 0.5, 
and the undesirable areas correspond to k x and ky equal to approximately 0. This intrinsic complementary property 
prevents taking advantage of the quadrupole illumination for 130 nm mode photolithography unless there are no struc- 
tures around 480 nm pitch on the layer. Analysis of the foregoing illumination maps allows the designer to select the 
illumination angle(s) to be utilized so as to optimize the printing performance, and more importantly, to avoid the extreme 
interaction pitch areas which result in destructive interference. 

[0064] It is noted that the minimum value of the log-slope of l tota , associated with acceptable performance depends 
in-part on the resist being utilized. For example, different resists exhibit different contrasts, which require different 
minimum values of the log-slope of l total corresponding to optimal performance regions. As a general rule, however, a 
value of the log-slope of l total approximately equal to a greater than 1 5 results in an acceptable process. 
[0065] With regard to optimizing printing performance, referring to the exemplary illumination maps set forth in Figs. 
10a-10d, it is noted that in comparison with quadrupole illumination, annular illumination (o_in=0.55 and o_out=0.85, 
for example) can improve Image contrast around the 480 nm pitch region by degrading the image contrast at other 
pitch regions. Such an approach reduces the structural interactions at different pitches by averaging the constructive /• 
and destructive interactions within the illumination space. 

[0066] For example, Fig. 11 Illustrates an Illumination design that improves the exposure latitude at the 480 nm pitch 
region while preserving strong constructive structural interactions at other pitch regions. More specifically, Fig. 11 il- 
lustrates an illumination design that provides some illumination at the illumination center since the favorable illumination 
for the 480 nm pitch region is around center (k x =0, ky=0). However, the performance balance has to be considered 
when illumination at center is added, because the illumination at the center wili unavoidably degrade the image contrast 
at the minimum pitch region at 310 nm. Comparison of the log-slope using Solid-C simulation software on annular, 
quadrupole and the modified quadrupole illumination (o_center=0.15 and a_center=0.2) is shown in Fig. 12. The fea- 
tures are 130 nm lines on a 6% attenuated phase shift mask. As shown from the simulation results, the modified 
quadrupole with center o=0.2 will provide an overall better process, and It also allows taking full advantage of the assist 
feature benefits. 

[0067] It Is noted that the term QUASAR used in the figures refers to the generation of quadrupole illumination using 
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a Diffractive Optical Element (DOE), which re-distrlbutes incoming radiation flux rather than blocking/passing it. In 
particular, 30-degree QUASAR refers to a quadrupole pattern In which the 4 poles are segments of an annulus, and 
each subtends an angle of 30 degrees with the center of the annulus. 

[0068] It is also possible to utilize the foregoing illumination maps to assist In the placement of scattering bars, which 
5 operate to mitigate optical proximity effects. The use of such scattering bars has been described in USP No. 5,242,770 
noted above. As detailed in the '770 patent, It Is has been known that adding assist features around sparse (e.g. 
isolated) features is necessary for aggressive printing in photolithography in order to achieve a manufacturable process. 
However, the placements of such assist features are very critical for achieving the optimal and desired effect. More 
specifically, similar to adjacent features, it is possible for Incorrect placement of scattering bars around the main feature 
w to degrade the process latitude of the main feature. For example, if the scattering bar is placed in a forbidden pitch 
. region. Accordingly, the present invention can also be utilized for the placement of scattering bars so as to assure that 
the scattering bars are not positioned in a forbidden pitch region for a given illumination angle. 
[0069] The implementation of scattering bar technology involves the determination of scattering bar size and place- 
ment. Although the largest scattering bar size should be used within the resist contrast capability, the practical design 
is has to take other factors into account, such as the dimension errors of scattering bars resulting from the mask-making 
process. Current scattering bar size is typically around 60-80 nm. The scattering bar placement is mainly based on 
the placement rules that are developed from experiments, using a specially designed reticle such as MaskTools's 
LINESWEEPER™ reticle. The principle of scattering bar placement is similar to that of forbidden pitch phenomena 
described above. 

20 [0070] More specifically, the first step entails identifying the extreme interaction locations between the scattering 
bars and the main features. The process for identifying the extreme interaction locations is substantially the same as 
the process described above for identifying the extreme interaction pitch regions. However, instead of identifying small 
log-slope regions as is necessary for identification of forbidden pitch regions, regions that show large log-slope for the 
main feature are identified. Fig. 13 shows the extreme interaction edge-to-edge placement positions of the scattering 

25 bars around an isolated main line. As shown, these extreme edge-to-edge positions are around 235 nm, 375 nm, 51 0 
nm, 655 nm, etc. 

[0071] Once the extreme interaction locations are identified, the next step is to select the ones that have a similar 
illumination map to the illumination conditions already selected for the process. It is noted that it is not always true that 
the closer the scattering bar is placed around the main isolated feature the better, since each placement position has 

30 its own favorable illumination region. Figs. 14a-d are illumination maps generated for scattering bars having varying 
separation from the main feature. Referring to Figs. 1 4a-1 4d, strong scattering bar effects are expected when scattering 
bars are placed around 235 nm or 51 0 nm. However, improper placement of scattering bars around 375 nm or 650 nm 
will degrade the image contrast of the main isolated feature under quadrupole illumination. If space is provided around 
the sparse features, a second pair of scattering bars can be added. When annular illumination is utilized, constructive 

35 and destructive structural Interactions from scattering bars will be averaged out to some degree, and the benefit from 
the assist features is therefore greatly reduced. Thus, it is clear from the foregoing that placement of scattering bars 
is strongly dependent on the illumination chosen. It is also noted that when multiple scattering bars are required, their 
illumination maps should belong to the same class (i.e., the illumination maps should be similar). 
[0072] To summarize, because both the forbidden pitch phenomena and the scattering bar technology are a direct 

40 consequence of optical interactions between neighboring features, they can be treated and understood under a unified 
framework. The foregoing makes dear that the field phase of the neighboring feature relative to that of the main feature 
depends on the illumination and the separation distance. For a given illumination angle, there are pitch ranges within 
which the field phase produced by the neighboring feature is 1 80° out of phase relative to the field phase of the main 
feature, resulting In destructive interference. Such destructive interference reduces the image contrast of the main 

45 feature! and therefore causes a loss of exposure latitude. The forbidden pitch regions, or more precisely the extreme 
structural Interaction pitch regions, can easily be mapped out and determined as detailed above. For each extreme 
structural interaction pitch, a corresponding illumination map can be obtained, which shows its favorable illumination 
regions and Its unfavorable illumination regions. The illumination maps are then utilized as a reference for illumination 
design. When the neighboring feature size is changed to the scattering bar size, similar constructive and destructive 

50 interference regions can be located and their corresponding illumination maps can also be obtained. Based on these 
illumination maps, the optimal scattering bar placement can be determined for a given illumination condition. Thus, in 
general, scattering bars should be placed at the pitch regions where fields from scattering bars are In phase with the 
field from the main feature at the main feature Gaussian image point under a given illumination condition. When the 
illumination scheme utilized is changed, the scattering bar placements should be adjusted accordingly. When multiple 

55 scattering bars are required, their illumination maps should have similarity to achieve maximum benefit. 

[0073] As described above, the method of the present invention provides significant advantages over the prior art. 
Most Importantly, the present invention provides for identifying and eliminating forbidden pitch regions, which degrade 
the overall printing performance, thereby allowing for an improvement of the CDs and process latitude obtainable 
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utilizing currently known photolithography tools and techniques. 

[0074] Although certain specific embodiments of the present Invention have been disclosed, It is noted that the 
present Invention may be embodied In other forms without departing from the spirit or essential characteristics thereof. 
The present embodiments are therefor to be considered In all respects as Illustrative and not restrictive, the scope of 
the invention being Indicated by the appended claims, and all changes that come within the meaning and range of 
equivalency of the claims are therefore intended to be embraced therein. 



Claims 



1. A method of identifying an extreme interaction pitch region when designing a mask pattern for transferring a lith- 
ographic pattern onto a substrate by use of a lithographic apparatus, said method comprising the steps of: 

(a) determining an illumination intensity for a first pitch and a first illumination angle, 

(b) determining an illumination intensity for said first pitch and a second illumination angle, said second illu- 
mination angle being rotationally symmetric with respect to said first Illumination angle, 

(c) determining a total illumination intensity for said first pitch by combining the illumination intensity associated 
with said first illumination angle and said second illumination angle, 

(d) determining the log-slope of said total illumination intensity, and 

(e) Identifying a pitch region containing said first pitch as an extreme interaction pitch region if the value of the 
derivative of the log-slope of said total illumination intensity with respect to pitch is approximately equal to zero. 

2. A method according to claim 1 , further comprising the steps of: 

repeating steps (a)-(e) for a plurality of different pitches. 

3. A method according to claim 2 further comprising repeating steps (a) — (e) for a plurality of illumination angles 
and wherein a pitch is Identified as an extreme interaction pitch region if the value of the derivative of the log-slope 
of said total illumination intensity with respect to pitch is approximately equal to zero for each of said plurality of 
illumination angles. 

4. A method according to any one of the preceding claims, wherein said second illumination angle exhibits a 90 
degree rotational symmetry with respect to said first illumination angle. 

5. A method according to any one of the preceding claims wherein said pitch region is a range of pitches within +/- 
0. 1 2 x X/NA of a specified pitch, wherein X is the wavelength of the exposure radiation of said lithographic apparatus 
and NA is the numeric aperture of the projection system of said lithographic apparatus. 

6. A method according to any one of the preceding claims, further comprising the steps of: 

for a given pitch identified as being in an extreme interaction pitch region: 

(0 determining an illumination intensity for said given pitch and a first illumination angle, 

(g) determining an illumination intensity for said given pitch and a second illumination angle, said second 
illumination angle being rotationally symmetric with respect to said first Illumination angle, 

(h) determining a second total Illumination intensity for said given pitch by combining the illumination in- 
tensity associated with said first illumination angle and said second illumination angle, 

(I) determining the log-slope of said second total Illumination intensity, 

0) identifying a given Illumination angle as being undesirable for said given pitch if said log-slope of said 
second total illumination intensity is less than a predetermined value, and 
(k) repeating steps (f)-G) for a plurality of different illumination angles. 

7. A method according to claim 6 wherein said predetermined value Is 15. 

8. A method of designing a mask pattern for transferring a lithographic pattern onto a substrate by use of a lithographic 
apparatus with a desired illumination scheme, said method comprising: 

identifying extreme interaction pitch regions and corresponding undesirable Illumination angles according to 
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the method of claim 6 or 7; and 

designing said mask pattern by arranging features such that no combination of features in said mask pattern 
has a pitch in an extreme Interaction pitch region for which illumination angles in said desired illumination 
scheme are undesirable. 

5 

9. A method according to claim 8 wherein said mask pattern includes main features and optical proximity correction 
elements and said step of designing includes positioning said optical proximity correction elements so as not to 
create pitches between main features and optical proximity correction elements that fall in an extreme interaction 
pitch region for which illumination angles in said desired illumination scheme are undesirable. 

10 

10. A method of manufacturing a mask comprising the steps of: 

designing a mask pattern according to the method of claim 8 or 9; and 
manufacturing a mask embodying the designed mask pattern. 

15 

11. A device manufacturing method comprising the steps of: 

providing a substrate that is at least partially covered by a layer of radiation-sensitive material; 
providing a projection beam of radiation using a radiation system; 
20 using patterning means to endow the projection beam with a pattern in its cross-section; 

projecting the patterned beam of radiation onto a target portion of the layer of radiation-sensitive material, 

characterized by: 

25 identifying extreme interaction pitch regions in said desired pattern according to the method of any one of 

claims 1 to 5; 

creating illumination maps for said extreme interaction pitch regions in said desired pattern, said illumination 
map comprising the log-shape of said total illumination intensity as a function of illumination angle; and 
identifying favorable illumination angles from said illumination maps; 

30 

wherein in said step of providing a projection beam, said projection beam is arranged to illuminate said mask 
substantially only at angles identified as favorable illumination angles in all said Illumination maps. 

A method according to claim 11 wherein: 

in said step of identifying extreme interaction pitch regions, at least first and second extreme Interaction pitch 
regions are identified; 

in said step of identifying favorable illumination angles, first and second sets of favorable iliumination angles 
for said first and second extreme interaction pitch regions are identified; and 

wherein said steps of providing a projection beam, using patterning means and projecting the patterned 
beam , are pe rformed twice, once using said first set of favorable il lumination angles and once using said second set. 

13. A method according to claim 12 wherein said step of identifying favorable illumination angles comprises identifying 
45 the illumination angles having the highest values of log-shape of Illumination intensity. 

14. A method according to claim 11 or 12 wherein said step of Identifying favorable illumination angles comprises 
identifying the illumination angles having a value of log-shape of illumination intensity higher than a predetermined 
amount. 

50 

15. A computer program comprising program code means that, when executed on a computer, instruct the computer 
to perform the method of any one of claims 1 to 9. 

16. A computer program comprising program code means for controlling a lithographic apparatus to perform the meth- 
55 od of any one of claims 11 to 14. 

17. A method of Identifying undesirable pitches between features when designing an integrated device to be formed 
on a substrate by use of a lithographic apparatus, said method comprising the steps of: 
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(a) Identifying extreme Interaction pitch regions by determining Illumination intensity levels for a given illumi- 
nation angle over a range of pitches; and 

(b) identifying said undesirable_pitches for each extreme Interaction pitch region identified in step (a) by de- 
termining illumination intensities for a given extreme interaction pitch region over a range of illumination angles. 

1 8. A method according to claim 1 7, wherein said extreme Interaction pitch regions define regions which exhibit either 
substantial constructive optical Interference or substantial destructive optical interference. 

19. A method according to claim 17 or 18, wherein said undesirable pitches have corresponding illumination intensities 
exceeding a predetermined value. 

20. A method according to claim 1 7, 1 8 or 1 9, wherein said features comprise a main feature and an optical proximity 
correction element. 
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Fig. 7. 
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Fig.9. 
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Fig. 11 
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